Understanding how geographical and environmental features affect genetic variation at both the population and individual levels is crucial in biology, especially in the case of pathogens. However, distinguishing between these factors and the effects of historical range expansion on spatial genetic structure remains challenging. In the present study, we investigated the case of Mycosphaerella fijiensis-a plant pathogenic fungus that has recently colonized an agricultural landscape characterized by the presence of potential barriers to gene flow, including several commercial plantations in which disease control practises such as the use of fungicides are applied frequently, and low host density areas. We first genotyped 300 isolates sampled at a global scale on untreated plants in two dimensions over a 50 Â 80-km area. Using two different clustering algorithms, no genetic structure was detected in the studied area, suggesting expansion of large populations and/or no influence of potential barriers. Second, we investigated the potential effect of disease control practises on M. fijiensis diversity by comparing populations sampled in commercial vs food-crop plantations. At this local scale, we detected significantly higher allelic richness inside commercial plantations compared with the surrounding food-crop plantation populations. Analysis of molecular variance indicated that 99% of the total genetic variance occurred within populations. We discuss the suggestion that high population size and/or high migration rate between populations might be responsible for the absence of any effect of disease control practises on genetic diversity and differentiation.
INTRODUCTION
Understanding the factors influencing the spatial genetic structure of populations has important implications for evolutionary biology (Holderegger and Wagner, 2008) . The recently emerged discipline of 'landscape genetics'-combining approaches from landscape ecology, population genetics and spatial statistics-investigates the contemporary effects of landscape composition and environmental factors on spatial genetic variation (Manel et al., 2003) . Within this context, the overwhelming majority of studies to date have addressed the question of how landscape features affect connectivity or create barriers to gene movement (see Sork and Waits, 2010 for a review). Linear elements, such as rivers, mountain ridges or roads, have been the most frequent barriers to gene flow considered thus far. However, other less obvious ecological factors, for instance those linked to the presence of unsuitable natural habitat, might also influence neutral genetic structure if such factors limit gene flow (McRae and Beier, 2007) or induce genetic drift through a reduction in population size (Hoffmann and Willi, 2008) . The effects of ecological factors (for example, variation in temperature, habitat fragmentation and local environment) or contaminants (for example, heavy metals) on neutral genetic structure have been described previously for both plants (for example, Schmidt et al., 2009) and animals (for example, Dionne et al., 2008) .
A major challenge in landscape genetic studies is the potential mismatch between different temporal scales in factors reflected by genetic data (Balkenhol et al., 2009) . Indeed, genetic data bear signatures of both past and current processes. Several factors implicated in the historical expansion of a species may influence its present spatial genetic patterns (Excoffier et al., 2009) . In addition to barriers to gene flow, the natural dispersal ability of a species during range expansion can generate spatial breaks in allele frequencies. For instance, the combination of rare long-distance dispersal (LDD) events accompanied by founder effects followed by natural gradual diffusion is expected to produce a patchy distribution of allele frequencies. This original pattern first gained theoretical support from simulations (Nichols and Hewitt, 1994) , but more recently has been observed empirically and named 'stratified dispersal combination' (Parisod and Bonvin, 2008) . Nevertheless, the spatial genetic structures left by species range expansion are not always expected to match with landscape and environmental factors. Thus, fine scale genetic structure analyses in two-dimensional environments could help to disentangle the effects on spatial genetic structures of these two different types of factor.
Plant pathogenic fungi make interesting models for such studies, because various factors have a potential influence on their spatial genetic structure. First, the spread of such organisms is inherently a spatial process, often embedded in heterogeneous landscapes (Biek and Real, 2010) . Second, in addition to being fragmented by landscape features, pathogen populations in modern agroecosystems are challenged regularly by a variety of cultural practices that aim to reduce plant infection (Stukenbrock and McDonald, 2008) . Among them, the intensive use of fungicides is the most common. Such practices represent a major ecological constraint that could influence the neutral genetic structure of pathogen populations for two main reasons: (i) treated areas can act as barriers to gene flow within an agricultural landscape composed of mixed (treated vs untreated) populations; and (ii) genetic drift is expected to occur in treated areas where the application of chemicals generally induces drastic reductions in population size, which could result in decreased genetic diversity. Lastly, historical range expansions combining LDD and gradual diffusion events are frequent in pathogenic fungi (Brown and Hovmøller, 2002) , which could also impact current spatial genetic structures. Furthermore, as pathogenic fungi cause serious biological and economic damage to many agroecosystems (Anderson et al., 2004) , a detailed understanding of the various factors influencing their spatial genetic structures at the agricultural landscape scale will increase our ability to control plant disease (Archie et al., 2009) . To address such questions, landscape genetics appears to be a useful approach that has so far seldom been applied to plant pathogen populations (Biek and Real, 2010) .
Black leaf streak disease (BLSD) in Southwest Cameroon constitutes an interesting case study with which to disentangle the effect of various factors on the spatial genetic structure of a plant pathogen. BLSD is a recent worldwide pandemic on banana and plantains that spread originally from Southeast Asia (Jones, 2000) . This very devastating foliar disease is caused by the ascomycete fungus Mycosphaerella fijiensis that spreads by three modes: (i) the movement of infected plant material and the dispersal of spores produced through either (ii) sexual (ascospores) or (iii) asexual (conidia) reproduction (Robert et al., 2012) . The expansion of this disease in Cameroon is recent as it was reported for the first time in 1980 from neighboring Gabon (Fouré and Lescot, 1988) . On the other hand, the agricultural landscape in this part of Cameroon is characterized by the co-existence and geographical proximity of large commercial banana plantations and many food-crop plots of dessert bananas and plantains distributed continuously as small fields or backyard gardens. In commercial banana plantations, BLSD is controlled mainly through two cultural practices (De Lapeyre de Bellaire et al., 2010) . First, multisite protectant fungicides preventing pathogen penetration into the leaves are applied weekly. These fungicides have a multisite mode of action and resistance has not been detected to date. Second, the necrotic stages where ascospores are produced before being released into the air are eliminated physically. Conversely, in food-crop plots, plantain and dessert bananas are grown extensively with no control of BLSD and, particularly, without fungicide application. Furthermore, the agricultural landscape in this area is also characterized by the presence of large commercial plantations of rubber and oil palm, where the density of banana and plantain (the hosts of M. fijiensis) is very low. Such an heterogeneous agricultural landscape is rare and provides an interesting opportunity to study the effect of cultural practices on the connectivity of a pathogenic fungus.
In this Cameroonian area, only two studies have examined the spatial genetic structure of M. fijiensis populations sampled from food-crop bananas. The first detected a pattern of isolation by distance (IBD) along a 300-km-long transect, suggesting a continuous range expansion of the disease at the regional scale through the natural and gradual dispersal of spores (Halkett et al., 2010) . However, a break in allelic frequencies was detected in the middle of this transect. A second spatial analysis of population structure was therefore conducted recently within a 30 Â 40-km area including the region of this genetic discontinuity (Rieux et al., 2011) . This latter study allowed the spatial mapping of this sharp genetic discontinuity but did not reveal any influence of landscape features such as a high mountain, natural forest or a broad river, on this spatial genetic structure. The genetic discontinuity was better explained as a relict of the recent history of M. fijiensis expansion in the country (for example, a stratified dispersal combination scenario) rather than to have resulted from contemporary gene flow. These studies raised questions regarding the frequency of occurrence of such phenomena at the spatial scale considered. Furthermore, because the studied area did not contain any commercial banana plantations, the potential effect of cultural practises like fungicide treatments on the spatial genetic structure could not be evaluated.
In the present study, we focused on the heterogeneity existing within an agricultural landscape. We asked whether a major ecological constraint induced by specific cultural practices (intensive fungicide use and regular elimination of ascospores sources) used for efficient pathogen population control could affect the neutral spatial genetic structure of M. fijiensis. To achieve this objective, we analyzed the spatial genetic structure of M. fijiensis populations sampled within the so called 'Mungo' production area in Cameroon, a 50 Â 80-km area with several large commercial banana plantations (6000 Ha) surrounded by food-crop banana and plantains. Other large commercial rubber and oil palm plantations in which banana plants are practically nonexistent are present throughout the study site. Such 'low host density areas' might also influence the spatial genetic structure of M. fijiensis populations. Because the disease appeared recently (1983) in this area and spread rapidly to all banana plants of the region, a prior analysis of the spatial genetic structure was conducted at this larger scale to detect possible genetic patterns resulting from range expansion of M. fijiensis. To further test the potential effect of agricultural practices, the distribution of genetic diversity was analyzed more precisely by comparing populations sampled inside a commercial banana plantation with those sampled in neighboring banana and plantain food-crops.
MATERIALS AND METHODS

Study site and isolate sampling
All isolates were collected in Southwest Cameroon in January 2009 using two independent strategies. First, we performed a '2D' sampling at a global scale of 50 Â 80 km (that is, 40.10 6 Ha) in the Mungo area (see Figure 1) . We collected five lesions on each of 150 untreated plantain banana plants sampled. Plants were sampled every 3.5 km along all accessible roads of the study site to construct the best bi-dimensional representation of the studied area. This area is situated just below the area sampled in 2006 (Rieux et al., 2011) and is 'fragmented' by two potential natural barriers to gene flow: (i) various commercial banana plantations in which BLSD is controlled through the weekly application of multisite fungicides and the regular elimination of necrotic stages (ascospores are rarely produced in such areas), and (ii) large areas characterized by low host density (commercial plantations of palm oil or rubber) (Figure 1 ). The sampled lesions (stage 2, for more details, see Robert et al., 2010) were dried for 1 day at 55 1C and stored at -20 1C before genotyping. A second specific sampling was carried out at the local scale of Spatial genetic structure of M. Fijiensis in its heterogeneous landscape A Rieux et al a 1500-Ha single commercial banana plantation (Figure 1 ). We sampled 50 lesions on each of 12 plants. Six of these plants (Ins1-Ins6) were situated inside the commercial banana plantation, and six (Out1-Out6) were outside the commercial banana plantation (food-crop banana and plantain plantations). The distance between each sampled plant and the closest border of the commercial plantation was between 1 and 2 km in each case.
Molecular analysis
Total genomic DNA was extracted directly from sampled lesions using the protocol described by Robert et al. (2010) . Genotyping was carried out using four PCR multiplex sets comprising 20 microsatellite loci (Zapater et al., 2008; Robert et al., 2010) . PCR reaction conditions are also detailed in Robert et al. (2010) . Among the 20 markers, 10 were tetranucleotide, 2 were trinucleotide and 8 were dinucleotide microsatellite loci (Table 1) . Finally, the amplified fragments were separated on a 16 capillary ABI Prism 3130 XL sequencer (Applied Biosystems, Foster City, CA, USA) and analyzed for length variation using GeneMapper Software (Applied Biosystems). We genotyped 32 lesions/ plant for the local sampling (a total of 32 Â 12 ¼ 384 lesions genotyped) and 2 lesions/plant for the '2D' sampling (a total of 2 Â 150 ¼ 300 lesions genotyped). Any single lesion can be considered as one single isolate.
Analysis of genetic data
Basic population genetic analysis. Population gene diversity was estimated from the expected heterozygosity (H E , unbiased estimate calculated following Nei (1978) ) and the allelic richness (A R ). These two indices were calculated using FSTAT 2.9.3 (Goudet, 1995) . We also used the rarefaction procedure implemented in the program HP-rare (Kalinowski, 2005) to estimate private allelic richness (PA R ). The PA R of a population is the observed number of alleles that are detected in one population but absent in others. We calculated this index for each of the 12 populations sampled at the local scale (Ins1...Ins6 and Out1...Out6). In this case, the number of private alleles was calculated by comparing each population sampled inside or outside the commercial plantation with the six others belonging to the other group (inside or outside). We also calculated the PA R index by pooling together each population sampled inside vs outside the commercial plantation. The genotypic diversity, defined as the probability that two isolates taken at random have different multilocus genotypes, was measured using Multilocus (Agapow and Burt, 2001) . We used the non-parametric Wilcoxon-Mann-Whitney test to look for significant differences in H E , A R , PA R and genotypic diversity between the populations sampled inside and outside the commercial plantation. Linkage disequilibrium between all pairs of loci was tested using Fisher's exact tests implemented in Genepop run on the web (http://genepop.curtin.edu.au/) (Rousset, 2008) ; (Markov chain parameters: dememorization number ¼ 2000, number of batches ¼ 250, number of iterations per batch ¼ 2000). We used the false discovery rate procedure (Benjamini and Hochberg, 1995) to control for multiple testing. The resulting adjusted P values are called Q values. This procedure is implemented in the R package QVALUE (Storey, 2002) . We also calculated the multilocus linkage disequilibrium ( r D ) based on the index of association (Brown et al., 1980) . This statistic is corrected for the number of loci. Departure from random association of alleles across loci was assessed by bootstrapping alleles among isolates 1000 times independently for each locus using Multilocus (Agapow and Burt, 2001) .
Analysis of population genetic structure at the global scale. Clustering analysis:
We carried out Bayesian population structure analysis on the '2D' sampling data set using Structure v2.2 ( Spatial genetic structure of M. Fijiensis in its heterogeneous landscape A Rieux et al (Guillot et al., 2005) . The base units of these methods are individual multilocus genotypes. In these Bayesian methods, the data is subdivided into clusters by minimizing Hardy-Weinberg disequilibrium and gametic phase disequilibrium between loci within groups. Structure bases its inference on genetic data only, whereas Geneland takes into account explicitly spatial localization information for genotyped individuals. We followed the general recommendations of the authors of these methods to run the programs. Using Structure, we tested all values from K ¼ 1 to K ¼ 10 with a Markov chain MonteCarlo of 600 000 iterations following a burn-in of 60 000 iterations. Other parameters were set to default values (admixture model and correlated allele frequencies). For each K, we calculated the mean posterior probability over its runs, and we used this value to estimate the posterior probability of each K using the formula given by Pritchard and Wen (2003) . Five independent runs were performed to check for the consistency of Markov chain convergence. Geneland analyses were conducted using the correlated model of allele frequencies and long Markov chain MonteCarlo runs to ensure convergence of the chain. We performed five independent runs with 1 000 000 iterations (thinning ¼ 100) allowing K to vary from 1 to 10. The maximum rate of the Poisson process was fixed at 500, the maximum number of nuclei in the Poisson-Voronoi tessellation at 300 and the potential error for spatial coordinates at 2 m. K was inferred from the modal value of the run highest likelihood. IBD was assessed using an ad hoc haploid version of the 'IBD between individuals' suboption implemented in Genepop (version 4) (Rousset, 2008 , see also Rieux et al., 2011 for more details on the haploid version). The Isolde procedure tests the correlation between genetic distance (a r ) and the logarithm of geographical distance (as suggested for 2D populations). The significance of the regression slopes was evaluated from Mantel tests performed across 100 000 permutations. IBD was tested on the entire data set.
Evidence of recent population expansion. We used Bottleneck v. 1.2 (Cornuet and Luikart, 1996; Piry et al., 1999) to determine if there was an excess (expected in recently bottlenecked populations) or deficit (expected in the case of recent population expansion) in genetic diversity (H) relative to the number of alleles present in the population that includes all untreated strains sampled in 2D. The probability distribution was established using 1000 simulations. We used the Wilcoxon significance test to determine whether loci displayed a significant excess of H4H EQ (genetic diversity expected under mutation drift equilibrium) or deficit in gene diversity under a mutation drift equilibrium for loci evolving under the two-phase mutation model. Such a model is expected to best fit with microsatellite evolution (DiRienzo et al., 1994) and was parameterized using 70% of SMM (Stepwise Mutation Model) and 30% of IAM (Infinite Alleles Model).
Spatial genetic structure of populations sampled at the local scale. The existence of genetic structure between populations sampled inside and outside the commercial plantation was tested using analysis of molecular variance (AMOVA) (Excoffier et al., 1992) and a locus-by-locus AMOVA framework, as executed in Arlequin software. Total variance in gene frequencies was partitioned among groups (inside vs outside), among populations within groups and within populations by carrying out a hierarchical AMOVA on Euclidean pairwise distances among isolates. The significance of the fixation indices calculated at each level of analysis is tested using a non-parametric permutation approach described in Excoffier et al. (1992) . Additionally, the level of genetic differentiation at microsatellite loci among populations and groups was estimated as F ST (Weir and Cockerham, 1984) Genotype assignments at the local scale. Geneclass 2.0 (Piry et al., 2004) software was used to generate the probability of exclusion of genotypes sampled in commercial plantations from food-crop plantation populations. The probability of isolates being excluded from populations was calculated using the standard criterion described by Rannala and Mountain (1997) and by simulating 1000 individuals per group of samples using the method of Paetkau et al. (2004) .
Estimation of population sizes
Inoculum densities for the two types of propagules (ascospores and conidia) were estimated inside (site Ins2) and outside (site Out2) the commercial farm. Twenty banana plants were selected randomly at each site for these assessments.
Estimation of the number of ascospores per plant. For all 20 banana trees at each site, the number of leaves (n), their surface(s) and the severity index (SI j , the % of necrotic surface, see Stover and Dickson (1970) ) of each leaf, j, were measured to calculate the necrotic surface of each banana tree (NS i ):
The average number of ascospores/banana tree (Nasc) was then estimated from its necrotic surface NS i (in cm 2 ) according to the equation given by Burt et al. (1999) :
Finally, we computed average values of Nasc among the different banana trees sampled both inside and outside the commercial plantation.
Estimation of the number of conidia per plant. For all 20 banana trees at each site, the number of lesions bearing conidia (that is, from stages 2, 3 and 4; Fouré, 1987) on each leaf were counted independently to determine the number of lesions at different stages present. From this number, we computed an average value of the number of lesions from the different stages among the 20 banana trees at each site. Then, for each leaf, a lesion of each stage (2, 3 and 4) was sampled (when present) and the lower face of each lesion was applied successively 10 times to the surface of an artificial medium in a Petri dish (20 g agar L-1) to remove all conidia Spatial genetic structure. The results of Bayesian population structure analyses did not reveal any significant genetic differentiation across the study area. The estimated logarithm of likelihood for data analyzed with Structure was highest for K ¼ 1, and the posterior probability of having one population was equal to 1 (Table 2 ). For K41, none of the 300 isolates could be assigned to a given cluster, as each isolate had a similar probability of belonging to each cluster. In Geneland, the mean posterior density distribution (in %) of the number of clusters estimated over the five replicates was higher for K ¼ 1. Second, we found no significant correlation between geographical and genetic distance (slope of regression b ¼ 0.005, confidence interval (-0.008; 0.018), P value ¼ 0.267).
Evidence of recent population expansion. The possibility of population bottlenecks or expansions was tested using the program Bottleneck on the population that includes all untreated strains sampled in 2D. In the tested population, 13 loci out of 20 displayed a deficit in genetic diversity, and the multilocus probability of exhibing a deficiency in heterozygosity appeared to be significant (one tail Wilcoxon's test P-value ¼ 0.04174). This result is consistent with the recent history of M. fijiensis population expansion over the study area. (Table 3) . We found no significant differences in H E (P ¼ 0.798) between populations sampled inside (commercial plantation sites) and outside (food-crop plantations sites) the commercial plantation. However, we detected a significantly higher value of multilocus A R (3.3042.65; P ¼ 0.031) and PA R (1845; P ¼ 0.006) in commercial plantation sites than in food-crop plantations. Importantly, all private alleles were present at very low frequencies (o0.05%, not shown). Genotypic diversity was very high in both commercial plantation (0.9998) and food-crop plantation (0.9999) plots-no significant difference between these populations was detected (P ¼ 0.987). Only two pairs of loci showed significant linkage disequilibrium after false discovery rate control, and this signal was detected only in two commercial plantation populations: MfSSR401 and MfSSR324 (population Ins5), and MfSSR401 and MfSSR407 (population Ins2).
Population genetic structure. The AMOVA indicated that most of the total genetic variation (99%; P ¼ 0.027) was within populations (Table 4 ) but the analysis did not indicate any significant effect of either 'populations within group' (0.21%; P ¼ 0.237) or 'group' (0.78%; P ¼ 0.185), with 'group' including populations sharing the same cultural practices (that is, commercial vs food-crop). F ST values calculated with Genepop were consistent with AMOVA results. Indeed, multilocus values of F ST were weak and not significant between groups and between each population (Table 5) .
Genotype assignment at the local scale. Considering a probability threshold of exclusion of o0.1, Geneclass indicated that a food-crop plantation population origin can be excluded in 112 out of 210 (53%) genotypes from the commercial population. When looking specifically at these 112 genotypes, we observed that 95% of them contain at least one rare (often private) allele. Among the remaining genotypes (that is, not excluded), 92 (43%) displayed a poor assignment probability (that is, o0.7) and only 6 (0.03%) displayed a good assignment probability (that is, 40.7) to a food-crop plantation population origin.
Estimation of population sizes in both commercial and food-crop sites. As expected, populations were very much larger in the foodcrop site than in the commercial site (Table 6 ). In particular, in commercial plantations, the area of necrotic surface per plant (source of ascospores) and the number of young lesions per plant (stage 2 to 4, sources of conidia) was very low as a result of fungicide treatment and regular mechanical elimination of necrotic surfaces. Consequently, the estimated number of ascospores per plant was more than 300 000-fold higher in the food-crop site than in the commercial site (Table 6 ). The difference in the estimated amount of conidia between the two sites was less as the number of conidia per plant was 16-fold higher in the food-crop site than in the commercial site (Table 6) .
DISCUSSION
In a previous study aimed at assessing the influence of natural barriers on the spatial genetic structure of M. fijiensis populations in Cameroon, Rieux et al. (2011) detected a sharp break in allelic frequencies over the area studied. As the position of this genetic discontinuity was not correlated with any particular physical element, it was hypothesized that it might have been caused by a historical colonization event (for example, secondary contact between expanding populations). This would suggest that the historical signal caused by M. fijiensis range expansion in this area persists, and is still detectable today. In the present study, we investigated the spatial genetic structure of this plant pathogenic fungus over a slightly wider area (50 Â 80 km) localized just south of that considered previously. Interestingly, this area encompassed new landscape features that could impact pathogen genetic diversity and structure. More specifically, instead of exhibiting natural and physical potential barriers to gene flow (that is, mountain, forest and others), this new area includes commercial banana plantations in which fungal populations are regularly reduced through fungicide applications, and other commercial rubber and oil palm plantations in which banana plants are practically nonexistent (low pathogen densities). To our knowledge, this is the first landscape genetics study in which the potential effect on gene flow of agricultural practices, including the use of chemicals, has been considered. In this context, it is important to note that considering commercial banana plantations (to test for either indirect barrier effects on food-crop plantation populations on a global scale or for direct effects on genetic diversity of commercial plantation populations on a local scale) does not allow us to test solely for an effect of fungicide. Indeed, commercial and foodproducing banana plantations differ in several characteristics, including banana plant variety cultivated, plant density (higher in commercial areas), and the cultural practices for BLSD control used only in commercial plantations such as the intensive use of fungicides and the regular elimination of necrotic tissues producing ascospores Spatial genetic structure of M. Fijiensis in its heterogeneous landscape A Rieux et al we hypothesized that these agronomic practices, which will influence population size and gene flow, might be the principal factors influencing the genetic diversity and structure of isolates in commercial banana plantations.
Homogeneous fungal population in an agricultural landscape following recent range expansion Using two clustering algorithms on samples collected from untreated plants over the whole study area, we did not detect any spatial genetic structure in the M. fijiensis population. This absence of spatial genetic structure pattern can be informative regarding both (i) the dispersal processes that might have affected the spread of M. fijiensis over the area studied and (ii) the effects of potential barriers to gene flow. M. fijiensis was first observed in 1983 in the Mungo bananaproducing area (Fouré and Lescot, 1988) , but there is no precise historical data indicating the spatial origin of this introduction and the direction of its expansion. In the current study, the characterization of a single homogeneous population suggests that colonization of the area probably arose from a single spatial introduction. Moreover, following recent advances in our understanding of the genetic consequences of range expansions (see Excoffier et al., 2009 for a review), we hypothesize two contrasting dispersal processes that could have effected M. fijiensis expansion over the study area. In the first, the absence of spatial genetic structure could result from the short-range dispersal of a large population. Indeed, it has been shown that such conditions limit gene surfing events and could lead to the emergence of homogeneous genetic sectors that can cover geographic zones as large as that studied here. Alternatively, it has also recently been demonstrated theoretically that frequent LDD events favor gene mixing and decrease the likelihood of a spatial break in allelic frequencies (due either to a stratified dispersal combination or to a gene surfing event) (Bialozyt et al., 2006; Fayard et al., 2009) . Following such theoretical considerations, we argue that the second hypothesis, that is, that M. fijiensis colonized the Mungo area through the expansion of populations exhibiting frequent LDD events, is the most likely as it appears to be consistent with the biology of this fungus. Indeed, frequent long-distance (up to several kilometers) ascospore movement by wind dispersal has been suspected previously in this species (Burt et al., 1998; Amil et al., 2007) . Thus, in contrast with our previously published work (Halkett et al., 2010; Rieux et al., 2011) , we did not detect any genetic discontinuities over the area studied. However, this area exhibits some topographical differences in comparison to the areas previously considered. Indeed, the genetic discontinuity observed by Rieux et al., (2011) was mapped in a narrow valley, whereas the area considered in the present study appears uniformly flat (see Figure 1) . This difference might be relevant because it has been shown theoretically that, during range expansion events of species exhibiting LDD, wide colonization corridors decreases the probability of observing a break in allelic frequencies (Fayard et al., 2009) , which is consistent with the results obtained here.
The landscape elements present in the Mungo area also had no effect on the current spatial genetic structure of M. fijiensis populations. Two elements of the agricultural landscape are thought to have had an impact on M. fijiensis gene flow. The first is a 'biological' barrier represented by wide areas in which host density is particularly weak. Such areas might decrease the connectivity between individuals at the global scale. The second element is represented by the four commercial banana plantations in the study site, which are thought to constrain gene movement because of BLSD control practices (plants are sprayed weekly with fungicides, and ascospores sources are eliminated regularly), expected to drastically reduce the probability of an individual being able to reproduce and disperse inside such areas. These 'anthropical barriers' were already in place at the time of M. fijiensis colonization because another related pathogenic fungus (M. musicola) was already present in the area (Fouré and Lescot, 1988) . Because of its high dispersal abilities, and because untreated plants are effectively distributed continuously (if scarcely) throughout the studied area, we hypothesize that M. fijiensis could easily by-pass 'low host density' areas and commercial plantations during expansion.
BLSD control methods have no effect on M. fijiensis genetic diversity We also asked whether BLSD control methods in commercial plantations, particularly the intensive use of fungicide, had any effect on current M. fijiensis genetic diversity and differentiation. We conducted a complementary analysis at the local scale of one particular banana commercial plantation, examining isolates sampled both within and outside the plantation. Combining an AMOVA with pairwise F ST comparisons, we detected no significant influence of fungal control methods on genetic differentiation; however, we obtained contrasting results regarding their influence on genetic diversity. Indeed, although no significant difference in expected heterozygosity and genotypic diversity was found between the two groups, we observed a significantly higher number of alleles in the commercial plantation populations compared with the surrounding food-crop populations. This difference in allelic richness but not in heterozygosity can be explained by the excess of private alleles existing at very low frequencies observed in commercial plantation populations. We argue that this excess could be a consequence of the planting strategies adopted in commercial plantation. Due to fertility erosion in those monocultural agrosystems, commercial plots are effectively destroyed after 5-7 crop cycles and replanted with in vitro propagated banana plants. These in vitro plants are naturally contaminated with M. fijiensis during their bioacclimatization in nursery localities removed from the commercial plots. Private alleles present in nurseries might then be imported into commercial plantations during planting. The high probability of exclusion of genotypes from commercial plantations exhibiting rare/private alleles to the surroundings food-crop populations is consistent with this hypothesis.
Our findings contrast with the major decrease in genetic diversity observed previously for other pathogenic fungi in treated compared with untreated areas (Grunwald et al., 2006; Matasci et al., 2008) . However, the fungal populations studied in the latter works were clonal, and directional selection at some loci certainly influenced the whole genome through selective sweep (Fisher, 1930) . Such processes are not expected to occur in the present study as protectant fungicides et al., 2010) . Moreover, populations of M. fijiensis mate randomly at the scale considered, and present a low level of genetic disequilibrium due to recombination. Thus, the probability of detecting an indirect effect of selection on 20 neutral genetic markers chosen randomly is very low. Nevertheless, a loss of genetic diversity can also occur through random changes in allele frequency over the whole genome by genetic drift when population size decreases. This could have happened here; indeed, there was a drastic reduction in the size of the M. fijiensis population inside the commercial plantation due to fungal control methods. As no decrease in the expected heterozygosity and genotypic diversity was detected in the commercial area, we argue that the population size inside this area remains large enough to avoid the occurrence of a genetic drift effect. Alternatively, gene flow from the outside to the inside of the commercial plantation might continuously restore genetic diversity, as was suggested in the case of the mosquito Aedes rusticus when sites treated with bioinsecticides were compared with non-treated sites (Paris et al., 2010) . The occurrence of sexual reproduction in M. fijiensis in commercial plantations is limited, mainly because of regular elimination of the necrotic tissues where sexual ascospores are produced. As a result, reproduction in commercial plantations is mainly via production of asexual spores (that is, conidia), which, in contrast to ascospores, are thought to disperse over very short distances (Gauhl, 1994) . Consequently, we argue that an asymmetric migration rate from surrounding food-crop plantation to commercial plantation populations might exist due to ascospores dispersal.
Conclusion
In summary, we showed that the historical expansion of a plant pathogenic fungus in an agricultural landscape has resulted in the establishment of a single homogeneous population. This result suggests that colonization of the area probably arose from a single introduction, with subsequent expansion of populations through frequent LDD events. Landscape elements representing potential barriers to the spread of the pathogen had no effect on the spatial genetic structure. Moreover, we found no influence of agricultural control methods such as the intensive use of fungicides or the elimination of ascospores sources on neutral genetic diversity and spatial genetic structure. We hypothesize that large population size and/or high migration rate from the outside to the inside of the commercial plantation may have prevented the detection of any influence of genetic drift on genetic diversity and structure. Further work is needed to disentangle the relative contributions of both evolutionary forces. Finally, this study illustrates the fact that surrounding food-crop populations might have an effect on the evolution of fungicide resistance in commercial plantations and should be considered explicitly in theoretical models aiming at defining efficient management strategies.
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